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Abstract 



A measurement is presented of the inclusive cross-section for b-jet production in association with a Z boson in pp collisions at a 
" l" centre-of-mass energy of ^fs -7 TeV. The analysis uses the data sample collected by the ATLAS experiment in 2010, corresponding 
^—1 to an integrated luminosity of approximately 36 pb"'. The event selection requires a Z boson decaying into high pj electrons or 
muons, and at least one fe-jet, identified by its displaced vertex, with transverse momentum pj > 25 GeV and rapidity \y\ < 2.1. 
/\fter subtraction of background processes, the yield is extracted from the vertex mass distribution of the candidate /j-jets. The ratio 
O of this cross-section to the inclusive Z cross-section (the average number of /j-jets per Z event) is also measured. Both results are 
^ found to be in good agreement with perturbative QCD predictions at next-to-leading order. 
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><N 1. Introduction 

(D ; 

The production of Z bosons in association with jets at hadron 
O colliders has long been used as a testing ground for perturba- 
, tive QCD (pQCD) calculations. However, whilst substantial 
progress has been made in understanding and modelling the 
CNl production of inclusive jets in Z events, the production of heavy 
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flavour {b or c) jets is less well studied. The production of one 
or more b-jets in association with a Z boson is a significant 
background to many important searches at the LHC, such as 
the Standard Model Higgs search, SUSY searches and searches 
for other physics beyond the Standard Model. A measurement 
of Z plus b-jets production therefore directly improves the un- 
derstanding of this process, and consequently the ability to ac- 
^-H curately model this background. 

^ ' Figure [T] shows the main diagrams that contribute to Z + b 
• production. The top two diagrams have an initial state /j-quark, 
rN whereas in the bottom two diagrams, a bb pair is explicitly pro- 
^ duced in the final state. The ALPGEN fP] and SHERPA H 
Monte-Carlo (MC) generators implement leading order (LO) 
calculations of this process using massive /j-quarks. For the 
amplitudes with initial /j-quarks, ALPGEN first creates a bb 
pair from the distribution of gluons, and integrates over the 
whole phase space for these quarks. SHERPA, in the present 
implementation, draws a /j-quark from a Parton Density Func- 
tion (PDF) derived from the gluon distribution. These gener- 
ators are interfaced to parton shower and hadronisation pack- 
ages and provide direct comparison to the data. In addition to 
the diagrams in Fig.[Tl it is also possible that the Z boson and 
^-jets are produced in two different parton-parton collisions in 
the same proton-proton interaction. This process, referred to as 
multiple parton interaction (MPl), is included in the ALPGEN 
and SHERPA generators. In contrast, the MCFM programme 
Jstl implements next-to-leading order (NLO) calculations 101 



using massless fe-quarks, with initial fe-quarks taken from a b- 
PDF. MCFM is not interfaced to parton shower/hadronisation 
packages, and does not include MPl. Calculations of the Z + b 
process at NLO continue to be an active area of develop- 
ment 

Previous measurements of Z + b production at lower centre- 
of-mass energy pp collisions at the Fermilab Tevatron collider 
by the CDF and DO collaborations [l^l are consistent with 
pQCD calculations. In this Letter we present a measurement 
of the inclusive cross-section for b-jet production in association 
with a Z boson, cr^. The measurement is made at the particle- 
level, and is fully corrected for all detector effects. A ^7-jet is 
defined here as a jet which contains a /j-hadron. Here and in 
the following, Z stands for both the Z boson and virtual photon 
y* contributions. The Z boson is identified by its decay into 
a pair of high transverse momentum, opposite sign electrons 
(electron channel) or muons (muon channel), and the Z and b- 
jets are reconstructed within the allowed fiducial coverage of 
the detector The cross-section cTb is quoted per lepton channel, 
within this fiducial coverage. A closely related measurement 
has been performed, using very similar techniques, in the W + b 
final state 

2. The ATLAS Detector 

The ATLAS detector 1 12] consists of an inner tracking sys- 
tem surrounded by a thin superconducting solenoid provid- 
ing a 2T axial magnetic field, electromagnetic and hadronic 
calorimeters and a muon spectrometer The inner detector sys- 
tem provides tracking information for charged particles in a 
pseudorapidity range \tj\ < 2.^ At small radii, high granu- 



The azimuthal angle (p is measured around the beam axis and tlie polar 
angle 6 is the angle from the beam axis. The pseudorapidity is defined as = 
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Figure 1 : Main diagrams for associated production of a Z boson and one or 
more ii-jets. 



larity silicon pixel and microstrip detectors allow for the re- 
construction of secondary decay vertices. The electromagnetic 
calorimeter uses lead absorbers and liquid argon as the active 
material and covers the rapidity range \t]\ < 3.2, with high lon- 
gitudinal and transverse granularity for electromagnetic shower 
reconstruction. For electron detection the transition region be- 
tween the barrel and end-cap calorimeters, 1.37 < I77I < 1.52, 
is not considered in this analysis. The hadronic tile calorime- 
ter is a steel/scintillating-tile detector that extends the instru- 
mented depth of the calorimeter to fully contain hadronic par- 
ticle showers. In the forward regions it is complemented by 
two end-cap calorimeters using liquid argon as the active ma- 
terial and copper or tungsten as the absorber material. The 
muon spectrometer comprises three large air-core supercon- 
ducting toroidal magnets which provide a typical field integral 
of 3 Tm. Three stations of chambers provide precise tracking 
information in the range It/I < 2.7, and triggers for high mo- 
mentum muons in the range I77I < 2.4. The transverse energy 
Et is defined to be EsinO, where E is the energy associated 
with a calorimeter cell or energy cluster. Similarly, pr is the 
momentum component transverse to the beam line. 

3. Collision data and simulated samples 

3.1. Collision data 

The analysis presented here is performed on data from pp 
collisions at a centre-of-mass energy of 7 TeV recorded by AT- 
LAS in 2010 in stable beams periods and uses data selected 
for good detector performance. The events were selected on- 
line by requiring at least one electron or muon with high trans- 
verse momentum, pj. The trigger thresholds evolved with 
time to keep up with the increasing instantaneous luminosity 
delivered by the LHC. The highest thresholds applied in the 
last data taking period were Ej > 15 GeV for electrons and 
Pj > 13 GeV for muons. The integrated luminosity after beam, 
detector and data-quaUty requirements is 36.2pb '(35.5pb ') 



for events collected with the electron (muon) trigger, measured 
with a +3.4% relative error ifBlH . 

3.2. Simulated events 

The measurements will be compared to theoretical predic- 
tions of the Standard Model, using Monte-Carlo samples of 
signal and background processes. The detector res pon se to the 
generated events is fully simulated with GEANT4 [ 15j. 

Samples of signal events containing a Z boson decaying 
into electrons or muons and at least one ^-jet have been sim- 
ulated using the ALPGEN, SHERPA, and MCFM generators, 
using the CTEQ6.6 PDF set |16]. All three generators include 
Z/y* interference terms. The ALPGEN generator is interfaced 
to HERWIG 1 17] for parton shower and fragmentation, and 
JIMMY for the underlying event simulation [18J. For jets orig- 
inating from the hadronisation of light quarks or gluons (here- 
after referred to as light-jets), the LO generator ALPGEN uses 
MLM matching [lOJ to remove any double counting of iden- 
tical jets produced via the matrix element and parton shower, 
but this is not available for b-jets in the present version. There- 
fore events containing two Zj-quarks with AR < 0.4 (AR > 0.4) 
coming from the matrix element (parton shower) contribution 
are removed. SHERPA uses the CKKW ["^O^ matching for the 
same purpose. The MCFM NLO generator lacks an interface 
to a parton shower and fragmentation package, hence to com- 
pare with the data we apply correction factors describing the 
parton-to-particle correspondence, obtained from particle-level 
LO simulations. For all Monte-Carlo events, the cross-section 
is normalised by rescaling the inclusive Z cross-section of the 
relevant generator to the NNLO cross-section |21]. 

The dominant background comes from Z + jets events, with 
the Z decaying into electrons, muons or tau leptons, where one 
jet is a light or c-jet which has been incorrectly tagged as a 
b-jet These events are simulated using the same generators 
as the signal. Other background processes considered include 
« pair production simulated by MC@NLO iSIH, Iv) 
+ jets simulated by PYTHIA H, WW/WZ/ZZ simulated by 
ALPGEN, and single-top production simulated by MC@NLO. 
The cross-sections for these processes have been normalised 



-In tan(6/2). Tlie distance AR inr] - (p space is defined as AR = i/A<p~i~Krf. 



to the predictions of 11251 12611 (approximate NNLO) for tt pair 
production, |2T] (NNLO) for Iv) + jets, f?] (NLO) for 

WW/WZ/ZZ, and the MC@NLO value for single-top. 

Events have been generated with the number of collision ver- 
tices drawn from a Poisson distribution with an average of 2.0 
vertices per event. Simulated events are then reweighted to 
match the observed vertex distribution in the data. 



4. Reconstruction and selection ofZ + b candidates 

Events are required to contain one primary vertex with at 
least three high-quaUty charged tracks. As the final state should 
contain a Z boson, the selection of events closely follows the 
selection criteria used by ATLAS for the inclusive Z analysis 
1 2711 . In the e^e" channel, two opposite sign electron candi- 
dates are required with Ej > 20 GeV and It/I < 2.47. Electron 
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candidates are reconstructed from a cluster of cells in the elec- 
tromagnetic calorimeter and a charged particle track in the in- 
ner detector. Criteria are applied on the longitudinal and trans- 
verse shower shapes in the calorimeters and on the matching of 
the track with the cell cluster, requesting a Medium jlm elec- 
tron quality. Similarly in the fi'^fJ.^ channel, two opposite sign 
muons are required with pj > 20 GeV and I77I < 2.4. Muon can- 
didates are reconstructed from a track in the muon spectrometer 
associated with a track in the inner detector. To reject cosmic 
rays the track is required to be compatible with coming from 
the primary vertex of the collision under study. In addition, an 
isolation criterion is applied requiring that the summed pj of 
tracks in a cone AR - 0.2 around the muon candidate be less 
than 10% of the muon pj. For both channels, the invariant mass 
of the lepton pair is then required to be 76 < mu < 106 GeV. 
This window is chosen to be narrower than that used in the in- 
clusive Z analysis in order to reduce the background from tt 
events, and multi-jet events where jets are mis-identified as lep- 
tons, either due to a high electromagnetic content in the shower, 
or mis-reconstruction. 

Jets are reconstructed from clusters of electromagnetic and 
hadronic calorimeter cells using an anti-A:, |28] algorithm with 
a resolution parameter of 0.4. A jet calibration procedure is 
applied which includes an energy offset which depends on the 
number of primary vertices, in order to minimise the impact 
of additional (pile-up) collisions ||29[l . The /7-jets do not re- 
ceive any additional calibration, thus their difference in jet en- 
ergy scale with respect to //^/zf-jets (2.5% in simulated events) 
is treated as a systematic uncertainty, discussed in Section l6!2l 
To avoid double-counting electrons and muons as jets, jets with 
AR < 0.5 to either of the leptons coming from the Z pair are 
removed. Events are selected requiring at least one jet with 
Pt > 25 GeV and \y\ < 2.1. 

A jet is considered as /7-tagged if the SVO algorithm llsoll re- 
constructs a secondary vertex from charged particle tracks con- 
tained within the jet and the decay length significance of this 
secondary vertex is greater than 5.85. This requirement pro- 
vides 50% efficiency for tagging b-jets in simulated tt events 
1 3111 . In addition, the invariant mass of the charged particle 
tracks from which the secondary vertex is reconstructed - the 
SVO-mass - will be used to extract the b-jet fraction on a statis- 
tical basis. Table[T]gives the number of data events selected by 
the consecutive stages of the analysis. 

5. Background subtraction and signal yield determination 

5.7. Background estimation 

The main background of Z -H light-jets and Z + c-jets is 
taken into account via the signal yield extraction procedure de- 
scribed below. However, a number of other background pro- 
cesses can contribute, namely tt with two leptonic decays of 
the W bosons, W+ jets with one jet being mis-identified as an 
electron or muon, Z -H jets with the Z boson decaying to tt, di- 
bosons WW/WZ/ZZ, single-top production, and finally multi- 
jet production where the jets contain real leptons from heavy 
flavour decays or are mis-identified as leptons. The background 
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Table 1 : The number of events selected at various stages of the analysis event 
selection. 



processes other than that from multi-jets are estimated from the 
MC simulation samples described in Section \Tl2\ resulting in 
the following contributions to each channel after implementa- 
tion of the analysis jet selection criteria: tt (~ 6 tagged jets), WZ 
(~ 0.2), ZZ (~ 0.3), single-top (~ 0.3), and Z ^ tt (~ 0.1). 
In Fig. |2] the top two frames show the di-lepton mass distri- 
bution for events with at least one jet with pj > 25 GeV and 
\y\ < 2.1 for the electron and muon channels, together with the 
simulation broken down into signal and background processes, 
not including the multi-jet background. In the same figure, the 
bottom two frames show the same distribution after requesting 
at least one jet that is /7-tagged by the SVO algorithm. 

The multi-jet background cannot be extracted reliably from 
simulation, and hence is estimated using data-driven methods. 
In the electron channel, the method considers two different sam- 
ples of electron candidates with relaxed selection criteria. In 
the first sample the selection criteria on one of the electrons are 
significantly relaxed, while in the second sample, the criteria on 
both electrons are mildly relaxed but Medium electrons are ve- 
toed. In these samples, the di-electron mass spectrum is fitted 
with two components: the contribution of the signal and other 
background processes modelled by the simulated MC samples 
(with relative signal/background normaUsation fixed by the MC 
predictions), and an exponential function which was found to 
model the multi-jet contribution well. The fit parameters are 
the normaUsation of the MC component, and the normalisa- 
tion and exponent of the multi-jet exponential. To determine 
the multi-jet background the fit is repeated, but this time us- 
ing the di-electron spectrum of events passing the fuH analy- 
sis selection, and again allowing the normalisation of the MC 
component and multi-jet background to float, but fixing the 
exponent of the multi-jet exponential to the value determined 
from the relaxed selection samples. The extracted exponents 
are similar for the two samples of relaxed electron candidates, 
leading to the same estimated contribution of multi-jet events: 
(1.0 + 2.2) events in the mass window 76 < mu < 106 GeV. In 
the muon channel the method considers a sample of events sim- 
ilar to the signal but with non-isolated muon candidates, which 
has been shown to be dominated by the multi-jet background. 
The multi-jet background contribution to the signal is then es- 
timated assuming that the ratio of the number of events with 
isolated muons to that with non-isolated muons is the same in 
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Figure 2: Top frames: Di-lepton mass distribution for events witli at least one jet witli pT > 25 GeV and |v| < 2.1, for the electron (left) and muon (right) channels. 
Bottom frames: Di-lepton mass distribution for events with at least one fo-tagged jet with pj > 25 GeV and |y| < 2.1, for the electron (left) and muon (right) 
channels. The contribution estimated from the simulated MC samples of the signal and various background processes is shown. The small multi-jet background, 
estimated with a data-driven method, is not shown here (see text). 



^J-jetS 

c-jets 
light jets 



599+13.4 
0.0 



-14.0 
+5.1 



Other backgrounds (fixed) 14.5 

Table 2: Number of jets for the various flavors in the combined electron and 
muon channel, determined from the fit to the SVO-mass distribution. The sta- 
tistical errors on the fit results are given. 



the data as in the simulated multi-jet MC sample, and amounts 
to (0.0 + 0.9) events. 



5.2. Signal yield 

The jets that are ^j-tagged by the SVO algorithm still con- 
tain light and c-jets. The yield of b-jets is thus calculated on 
a statistical basis, by fitting the expected contributions to the 
SVO-mass distribution. For the electron and muon channels, 
templates are obtained from the simulation for the SVO-mass 
spectrum of each contribution: signal Z + b-jets, Z + light jets, 
Z + c-jets, and all other background processes (tt, multi-jet, 
single-top, W + jets, Z — > r+r" and diboson). As the templates 
for the electron and muon channels are compatible, these chan- 
nels are treated together and both types of events are entered 
into one SVO-mass distribution. This spectrum is subjected to a 
likelihood fit, consisting of a sum containing the fixed contribu- 
tions of the other background processes and a floating amount 
of Z -I- ^7, Z -H light, and Z -i- c-jets. In order to validate the fit 
procedure, we performed fit closure and linearity tests using 
pseudo-experiments. In each pseudo-experiment, SVO-mass 
distributions are constructed using the templates with the same 
number of events as in the data and varying proportions of the 
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Figure 3: SVO-mass distribution (see text) for fe-tagged jets in tlie selected 
events. The fitted contributions from b, light, and c-jets are displayed; the other 
background processes are also shown. 



^j-jet template, then the fit procedure is performed. The results 
demonstrated good linearity and no bias. Figure |3] shows the 
SVO-mass spectrum of b-jet candidates with the fitted contribu- 
tions, and Table[2]gives the corresponding number of jets. The 
purity of the /j-tagged sample is therefore found to be about 
46% with this selection. 



6. Cross-section measurement and comparison to theory 

6.1. Unfolding to the particle level 

The particle-level cross-section, cr^, is defined as follows. 
The fiducial restrictions on the Z decay are defined as lepton 
Pt > 20 GeV and \r]\ < 2.5, and di-lepton mass pair within the 
range 76 < mu < 106 GeV. In this definition, "dressed" lep- 
tons are used to reconstruct the Z i32ll : the four- vectors of all 
photons in a cone of < 0. 1 around the lepton are added to 
the lepton four-vector. Jets are reconstructed from stable parti- 
cles (particles with lifetime in excess of 10 ps) using the anti-A;, 
algorithm with resolution parameter of 0.4, and include muons 
and neutrinos. Jets are required to satisfy pi > 25 GeV and 
\y\ < 2.1, and jets within AR < 0.5 of either of the Z decay lep- 
tons are removed. At particle-level, a jet is considered to be a 
b-jet if there is a fe-hadron with pj > 5 GeV within AR < 0.3 of 
that jet, and only weakly-decaying Zj-hadrons are considered. 

The per lepton channel cross-section is obtained from the ex- 
perimental measurements using the following formula; 



CTh = 



where A^^ is the number of b-jets extracted from the fit to the 
SVO-mass distribution of Zj-tagged jets (given in Table |2]i, Ce 
and Cfj are the acceptance factors for the electron and muon 
channels respectively, and X.e and X.fi are the respective inte- 
grated luminosities for each channel. 



The Ce and acceptance factors are determined from the 
simulated MC samples of the signal process, and correspond 
to the probability that a particle-level b-jet in a Z event as de- 
fined above passes all of the jet and Z event selection criteria 
at the detector-level. They thus include the efficiency for a sig- 
nal event to pass the triggers used, the efficiency to reconstruct 
electrons or muons, and the efficiency of the SVO algorithm to 
tag b-jets. The efficiencies of the electron and muon high pT 
triggers have been studied with data, and for signal events in 
the acceptance defined above the trigger efficiency is found to 
be in excess of 99% for both electron and muon channels. In 
the determination of the lepton and /j-tagging efficiencies, scale 
factors to account for mis-modelling by the simulation are ap- 
plied. In the case of electron and muon reconstruction, these 
scale factors are determined using inclusive Z and W events in 
data ll27ll33[l . and are found to be close to unity at the few per- 
cent level. For the SVO /^-tagging efficiency, the scale factors 
have been determined as a function of jet pj and rj using data 
events where t he j et contains a reconstructed muon to enrich the 
b component 13111 . and are found to be consistent with unity. 
The uncertainty related to these scale factors is propagated into 
the final uncertainty on the cross-section. 

6.2. Systematic uncertainties 

The systematic uncertainties on the measured fiducial b-jet 
cross-section are summarised in Table [3] A systematic source 
can impact the measurement in two ways: it can affect the SVO- 
mass template shapes and hence the fitted Nb, and/or it can af- 
fect the calculated acceptance factors (Ce and/or C^). Where 
a systematic affects both the fit result and the acceptance the 
corresponding correlations have been taken into account. 

The dominant source of systematic uncertainty comes from 
the dependence of the measurement on the modelling of the sig- 
nal process in the simulation. The calculated acceptance factors 
and SVO-mass template shapes both depend on the assumed b- 
jet Pj spectrum. The sensitivity to the pj spectrum modelling 
in simulation is assessed by reweighting the pj spectrum of 
the simulation until a satisfactory agreement with data in the 
Pj spectrum of ^-tagged jets was observed. The resulting un- 
certainty is considerably larger than any differences observed 
between ALPGEN and SHERPA in the SVO-mass fit results and 
acceptance factors. In addition, we ascribe a small uncertainty 
due to the modelling of MPI in the signal simulation, assessed 
by artificially doubling the contribution of MPI events in the 
acceptance calculation. 

In terms of the reconstruction of b-jets, the main systematics 
enter via the uncertainty on the ^-tagging efficiency scale fac- 
tors, and uncertainty on the jet energy scale (JES). The uncer- 
tainty on the Zj-tagging scale factors is estimated from studies of 
inclusive b-jets and b semi-leptonic decays |31]. The JES was 
studied extensively for inclusive jets using simulations, single 
hadron test-beam data and y-jet events [29]. Its uncertainty was 
demonstrated to be below 5% in the pj range considered here. 
In simulation, the JES for b-jets was found to differ from that 
of light jets by at most 2.5%. The present statistics do not allow 
us to calibrate this difference from the data, hence an additional 
2.5% is added in quadrature to the JES uncertainty of b-jets. 
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The jet energy resolution was also considered and the uncer- 
tainty taken as that derived from light jets. One also has to con- 
sider that the detector simulation may not perfectly model the 
response to the SVO-mass distribution for light, c, and fe-jets. 
This uncertainty is estimated using control samples of inclusive 
jet events that are enriched in heavy and light flavour jets, and 
used to derive reweighting functions that can be applied to the 
SVO-mass templates to account for data-simulation disagree- 
ments. 

The impact of uncertainties in the background estimation are 
small. The tt background is estimated purely from simulation, 
and the normalisation of this background is varied according 
to the uncertainty on the NNLO ff cross-section. The multi-jet 
backgrounds in both the electron and muon channel are var- 
ied according to the uncertainties on these estimates described 
above. 

Other smaller sources of systematic uncertainty considered 
include uncertainties on lepton reconstruction: the efficiency 
to reconstruct, and the energy/momentum scale and resolution. 
The estimation follows closely that of the inclusive Z analysis 
IStIi . with the same methods applied to simulated Z + b event 
samples. The uncertainties on the electromagnetic energy scale, 
and on the muon momentum scale and resolution, all have a 
negligible (< 1%) impact. 



Source 


SVO-mass Fit (%) 


Acceptance (%) 


Both Electron and Muon 


i>-tagging efficiency 


1.7 


9.1 


SVO-mass templates 


3.5 




Model dependence 


2.7 


10.0 


Jet energy scale 


0.7 


4.0 


ff cross-section 


2.0 




MPl model 


negl. 


1.0 


Electron only 


MC statistics 


negl. 


1.3 


Multi-jet background 


1.6 




Electron efficiency 


negl. 


5.0 


Total Electron 


5.6 


15.0 


Muon only 


MC statistics 


negl. 


1.3 


Multi-jet background 


0.7 




Muon efficiency 


negl. 


2.0 


Total Muon 


5.4 


14.3 


Total Systematic 


-^21% ■ 


-16% 


Uncertainty 







Table 3: Fractional systematic uncertainties on the SVO-mass fit and acceptance 
results from each systematic source considered. Sources for which the shift is 
labelled "negl." produced effects of less than 1% which are negligible when 
added in quadrature (and not considered). When relevant, asymmetric errors 
are used for the calculation of the total, but only the average en'or is shown 
for better readability. The "Total Systematic Uncertainty" result is the total 
percentage error on the combined channel i-jet cross-section, and takes into 
account the correlations between SVO-mass fit and acceptance systematics. 



6.3. Results and comparison to theory 

The measured cross-section for ^-jets produced in associa- 
tion with a Z boson decaying into one of the lepton channels 
is presented in Table |4] alongside values evaluated in the dif- 
ferent models presented in the introduction. The MCFM NLO 
prediction is shown for the CTEQ6.6 PDF, with the renormal- 

isation and factorisation scales taken as + /J^^- 

ti-ast to ALPGEN and SHERPA, MCFM does not simulate QED 
final state radiation (FSR) nor non-perturbative hadronic ef- 
fects. Correction factors are computed for lepton FSR, par- 
ton/jet correspondence, underlying event and MPl contribution, 
using events from particle-level LO simulations. The correc- 
tion factor for non-perturbative hadronic effects is obtained by 
comparing particle-level results to parton-level, where parton- 
level jets are matched to b quarks. This is calculated using 
SHERPA, PYTHIA and AcerMC [34], with the spread of these 
results defining the range of the correction, which is found to 
be 0.89 + 0.07. The correction is dominated by the impact of 
/7-hadron decay products falling outside the jet at the particle- 
level. The correction factor for lepton FSR is similarly found to 
be 0.972 ± 0.002 for both lepton types, dominated by dilepton 
pairs migrating out of the required mass window. 

In order to estimate theoretical uncertainties on the predic- 
tion, the renormalisation and factorisation scales are indepen- 
dently shifted up, then down, by a factor of 2. The uncer- 
tainties arising from the different PDF error sets are also as- 
sessed, as well as using the CTEQ6.6 PDF with different val- 
ues of as- The raw MCFM prediction for the Z + b cross- 
section in the fiducial region is 4.48 ^^-f^ (scale) +q [" (PDF) 
-0 08 ^^"^ P^- ^'^^ comparison, the prediction obtained using the 
MSTW2008 PDF |35] is 4.mt° f^ (scale) ^Jf/JJ (PDF) ll f^(a,) 
pb. The CTEQ6.6 and MSTW2008 PDFs use diff^erent default 
values for o-j (propagated consistently through the NLO calcu- 
lation), and, taking into account their combined PDF and a, 
uncertainties, there is a marginal disagreement between the two 
predictions. However, given the precision of the experimental 
measurement, we cannot conclude that one PDF better repro- 
duces the experimental result than the other. We quote the pre- 
diction using the CTEQ6.6 PDF by default, and the uncertainty 
quoted in Table |4] for the corrected result corresponds to the 
quadratic sum of the uncertainties on the scale, PDF, as, and the 
uncertainty on the non-perturbative correction. The ALPGEN 
and SHERPA predictions are also shown, with errors from the 
MC statistics only. 

6.4. Measurement of the average number ofb-jets per Z event 

Simulation packages such as ALPGEN and SHERPA are 
based on LO calculations and thus are not expected to accu- 
rately predict an absolute cross-section for the process studied 
here. However, they are often used to generate fully simulated 
events for the study of backgrounds to the search of other pro- 
cesses, as mentioned in the introduction. A current practice is 
then to normalise the cross-section of generated events to that 
of a well known, more inclusive process. In this approach, the 
analysis presented here is extended to measure the ratio of Cb 
to that of the cross-section for the inclusive production of the Z 
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Experiment 3 .55 +^ °^(stat)!°-^^ (gygj) + q 1 2(lumi) pb 



MCFM 3.88 ± 0.58 pb 

ALPGEN 2.23 ± 0.01 (stat only) pb 

SHERPA 3.29 ± 0.04 (stat only) pb 



Table 4: Experimental measurement and predictions of o";,, the cross-section 
for inclusive ii-jet production in association with a Z boson, per lepton channel, 
as defined in the text. 



Experiment (7.6+[ g(stat)+[-^(syst)) x 10"^ 



MCFM (8.8 + 1.1) X 10-^ 

ALPGEN (6.2 + 0.1 (stat only)) x 10"^ 
SHERPA (9.3 + 0.1 (stat only)) x 10"^ 



Table 5: Experimental measurement and predictions of the average number of 
fo-jets produced in association with a Z boson, with the same fiducial region as 
defined in the text for ct),. 



boson (for the same fiducial restrictions on the Z decay), i.e. the 
average number of fe-jets per Z event. To obtain the inclusive 
Z sample, the analysis is repeated with the same selection as 
above, except the jet requirements. The cross-section obtained 
for the inclusive Z production with the same fiducial region for 
the leptons is 465 + 3 pb (statistical error only), in agreement 
with the ATLAS measurement |3^. The systematic uncertain- 
ties on the ratio are propagated coherently in the Z + b and Z 
selections. The uncertainties related to leptons cancel to a neg- 
ligible level, and those related to luminosity cancel completely. 
However as the main systematic uncertainties concern only the 
Z + b analysis (^-tagging, model dependence, jet energy scale), 
the overall systematic uncertainty is only marginally reduced. 

The MCFM prediction of this ratio is calculated with the 
same method and assumptions as above. To estimate the sys- 
tematic uncertainty, the scale and PDF choices are varied co- 
herently between the Z + b and inclusive Z samples for each 
sub-process simulated. Table |5] shows the experimentally mea- 
sured result for the average number of b-jets per Z event and 
comparisons to the theoretical predictions. The MCFM NLO 
prediction is in agreement with the data. The ALPGEN and 
SHERPA predictions differ significantly from each other, but 
are both compatible with the data within the experimental un- 
certainties. 

7. Conclusions 

A first measurement is made of the cross-section for the pro- 
duction of b-jets in association with a Z boson in proton-proton 



collisions at ^Js - 1 TeV, using 36 pb"' of data collected in 
2010 by the ATLAS experiment. In addition, the average num- 
ber of b-jets per Z event is extracted. Both measurements are 
currently statistics limited. The predictions from NLO pQCD 
calculations agree well with both results. Leading order gen- 
erators are able to reproduce the measured average number of 
Z7-jets per Z event within the uncertainties of the measurement, 
although their predictions differ significantly from each other. 
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E. Davies"*^ '', M. Davies''^ A.R. Davison", Y. Davygora^*'% E. Dawe"*', 1. Dawson'^', J.W. Dawson^ *, R.K. Daya^^ K. De^, 
R. de Asmundis'"2a^ s. De Castro RE. De Castro Faria Salgado^^, S. De Cecco^^ J. de Graat'^^ N. De Groot"''*, 
R de Jong"^^ C. De La Taille"^ H. De la Torre**", B. De Lotto ""'^■*'"*^ L. De Mora^', L. De Nooij"'^ D. De Pedis'^^a^ 

A. De Salvo'^^a^ De Sanctis ""*^""*'=, A. De Santo J.B. De Vivie De Regie"^ S. Dean", R. Debbe^^, D.V. Dedovich''^ 

J. Degenhardt'^*^, M. Dehchar"^ C. Del Papa'^"*"""*", J. Del Peso**", T. Del Pretei22a.i22b^ DeHyergiyev^\ A. Dell'Acqua^^ 
L. Del^Asta'^''^■'*'^ M. Delia Pietra"'^^-', D. della Volpe"'2a,i02b^ Delmastro^'', R Delpierre**^ N. Delruelle^'^ PA. Delsart^^, 

C. Deluca*'*^ S. Demers'^^ M. Demichev''^ B. Demirkoz" ', J. Deng"'^ S.P Denisovl2^ D. Derendarz^^ J.E. Derkaoui'^^'*, 
E. Derue^^ R Dervan^^ K. Desch^", E. Devetak"*^ PO. Deviveiros'^^ A. Dewhurst'^', B. DeWilde"*^ S. Dhahwall5^ 

R. Dhullipudi24.'«, A. Di Ciaccio*33^■*33^ L. Di Ciaccio^, A. Di Girolamo^', B. Di Girolamo^^ S. Di Luise*3''^■*3'*^ A. Di Mattia^^ 

B. Di Micco^^ R. Di Nardo'33a.i33b^ ^ £,j Simonel33'''l33^ R. Di Sipiol'^''■l'^ M.A. Diaz^'", F Diblenl**^ E.B. Diehl'^^ 
J. Dietrich'*', TA. Dietzsch5**^ S. DigUo''^ K. Dindar Yagci^^ J. Dingfelder^", C. Dionisi'^^a.Bab^ p Dita^^^ S. Dita^^^ 

E Dittus29, E Djarna^^^ T. Djobava^*, M.A.B. do Yale^^\ A. Do Valle Wemans*2'*% T.K.O. Doan'*, M. Dobbs'^^ R. Dobinson 29.*, 

D. Dobos2^ E. Dobson^^ M. Dobson*^^^ J. Dodd^'*, C. Doglioni**^ T. Doherty^^ Y. Doi*^-*, J. Dolejsi*^^, I. Dolenc^'*, 
Z. Dolezal'^^, B.A. Dolgoshein'"' *, T. Dohmael5^ M. DonadelH^^d, M. Donega'^", J. Donini^^ J. Dopke^^ A. Doria'^^^ 
A. Dos Anjos*^2^ M. Dosil**, A. Dotti'^^^-'^zb, m.T. Dova™, J.D. Dowell*^ A.D. Doxiadis*°^ A.T. Doyle5^ Z. Drasal*^^ 

J. Drees*'''*, N. Dressnandt'^", H. Drevermann^', C. Driouichi^^, M. Dris', J. Dubbert^', T. Dubbs*^'', S. Dube*'*, E. Duchovni*^*, 

G. Duckeck''^ A. Dudarev^'', F Dudziak'"*, M. Duhrssen LP Duerdoth*'^, L. Duflot*'^ M-A. Dufour*'^ M. Dunford^', 

H. Duran Yildiz^^, R. Duxfield*^^ M. Dwuznik^^, E Dydak M. Diiren^^, W.L. Ebenstein''^, J. Ebke'^ S. Eckert'*^ 
S. Eckweiler^', K. Edmonds^', C.A. Edwards^^, N.C. Edwards^^, W. Ehrenfeld'**, T. Ehrich'^, T. Eifert^', G. Eigen*^, 

K. Einsweiler"*, E. Eisenhandler^^ T. Ekelof"'^ M. El Kacimi'^s^, M. Ellert*''^ S. Elles^ F Ellinghaus'^*, K. EUis^^ N. EUis^^ 
J. Elmsheuser'^^ M. Elsing^'', D. Emeliyanov*^^ R. Engehnaiin*'*^ A. Engl'^ B. Epp''^, A. Eppig^^, J. Erdmann^'*, A. Ereditato*^, 
D. Eriksson"^^, J. Ernst', M. Emst^'*, J. Emwein"^, D. Errede^^^ S. Errede*^^, E. Ertel^*, M. Escalier"^, c. Escobar*^'', 
X. Espinal Curull'*, B. Esposito'*^, F. Etienne^-', A.l. Etienvre'^'', E. Etzion'^^, D. Evangelakou^'*, H. Evans^', L. Fabbri*'^'*"', 

C. Eabre^'', R.M. Eakhrutdinov*^^ S. Ealciano*32a, y. Eang*''2, M. Eallti^'^•^'^ A. Earbin^ A. EariUa*3'*^ J. Earley*'*^ 

T. Farooque*^^ S.M. Farrington**^ R Farthouat^', P. Fassnacht^', D. Fassouliotis^ B. Fatholahzadehi^s, A. Favareto^^'''^"', 
L. Fayard*'^ S. Fazio3''^•3'5^ R. Febbraro^^ R Federic*'*^% O.L. Fedin'^*, W. Fedorko****, M. Fehling-Kaschek'*^ L. FeHgiom^^ 

D. Fellmann^ C.U. Felzmaiin^^, C. Feng^^d^ g j Feng^*^, A.B. Fenyuk*^^ J. Ferencei*'*'*'', J. Eerland'^ W. Fernaiido*"^ 

S. Ferrag^^, J. Ferrando^', V. Ferrara'**, A. Ferrari**^, P. Ferrari^"^, R. Ferrari'^'", A. Ferrer*^^, M.L. Ferrer'*^, D. Ferrere'*', 

C. Ferretti**^ A. Ferretto Parodi^""-^'*, M. Fiascaris^", E Fiedler^*, A. Fihpcic^'*, A. Filippas'*, E Filthaut""*, M. Fincke-Keeler"''', 

M.C.N. Fiolhais'2'*^ ', L. Fiorini*^^ A. Eiran^^, G. Fischer'**, R Fischer ^o, M.J. Fisher*'^^ S.M. Fisher*^'', M. Flechl'*^ I. Fleck*'**, 

J. Fleckner^', P. Fleischmann*'^^, S. Fleischmanni'"*, T. Flick"'*, L.R. Flores Castillo''^^, M.J. Flowerdew'^, M. Fokitis', 

T. Fonseca Martin'^, D.A. Forbush'^**, A. Formica*^'', A. Forti**^, D. Fortin*^''^ J.M. Foster^^, D. Fournier*'^, A. Foussat^**, 

A. J. Fowler'*'*, K. Fowler*^'', H. Fox''*, R Fraiicavilla*22^'*22b, s. Eranchino**'^-**'*', D. Francis2^ T. Frank*^*, M. Erankhn^^, 
S. Franz^', M. FratemaU**'^-**''', S. Fratina'^", S.T. French^'^, E Friedrich '*3, R. FroeschP, D. Froidevaux^', J.A. Frost^^, 
C. Fukunaga'^'', E. Fullana Torregrosa^', J. Euster""^, C. Gabaldon^', O. Gabizon'^', T. Gadfort^'*, S. Gadomski'*', 

G. Gagliardi5'^^•50^ R Gagnon", C. Galea'**, E.J. Gallasl*^ M.V. Gallas^', V. Gallo*^ B.J. Gallop*^', R Gallus*^^, E. Galyaev'*", 
K.K. Gani"', Y.S. Gao*'*^'^, V.A. Gapienko*2^ A. Gaponenko*'*, E Garberson''^^^ M. Garcia-Sciveres"*, C. Garcia*^'', J.E. Garcia 
Navarro'*', R.W. Gardner^", N. Garelli^', H. Garitaonandia*°^ V. Garonne^', J. Garvey*^ C. Gatti'*^ G. Gaudio**'% O. Gaumer'*', 

B. Gaur*'**, L. Gauthier*36, J.L. Gavrilenko'^ C. Gay**^ G. Gaycken^", J-C. Gayde^', E.N. Gazis', R Ge^^^, C.N.R Gee*^', 
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D. A.A. Geerts^o^ Ch. Geich-GimbeP, K. Gellerstedti'^''^'i'*^'', C. Gemme^"", A. Gemmell5^ M.H. Genest''^ S. Gentilei32a,i32b^ 
M. George^'', S. George^'', P. Gerlach"'', A. Gershonl^^ C. Geweniger5'^^ H. Ghazlane'^^'', P. Ghez'', N. Ghodbane^^ 

B. Giacobbei''% S. Giagu'^^ajsab^ y Giakoumopoulou^ V. Giangiobbei22a,i22b^ p Gianotti^^ B. Gibbard^^, A. Gibson'^^, 

S.M. Gibson^^ L.M. Gilbert"^ M. Gilchriese''*, V. Gilewsky'", D. Gillberg^^, A.R. Gillmani29, D.M. Gingrich^ ■^ J. Ginzburg'^^^ 

N. Giokaris^ M.P. Giordani^^''^ R. Giordanoio^^-i''^'', F.M. Giorgii^, p Giovannini'', RF. Giraud'^^ D. Giugni^''% M. Giunta'^ 

R Giustii^% B.K. Gjelsten"^ L.K. Gladilin'^^ C. Glasman^'', J. Glatzer^^, A. Glazov^i, K.W. GUtza'^^^ q l Glonti'^s, 

J. Godfrey'42, j. Godlewski^'', M. Goebel'*\ T. Gopfert'^^ C. Goeringer**', C. Gossling^^, T. G6ttfert''^ S. Goldfarb'*^ 

T. Golling"^ S.N. Golovnia'^^ A. Gomes^^''^'*, L.S. Gomez Fajardo'*', R. Gongalo'^^, J. Goncalves Pinto Firmino Da Costa''^ 

L. Gonella^o, A. Gonidec^^ S. Gonzalez'''^^ § Gonzalez de la Hoz"'^ M.L. Gonzalez Silva^^, S. Gonzalez-Sevilla'^^ 

J.J. Goodson'^s, L. Goossens^^ PA. Gorbounov''^ H.A. Gordon^^, I. Gorelovl°^ G. Gorfine'^'*, B. Gorini^'', E. Gorini^2a,72b^ 

A. Gorisek'''', E. Gomicki^^ S.A. Gorokhov'^^ V.N. Goryachev^^^ B. Gosdzik'*\ M. Gosselink^''^ M.I. Gostkin*^, 

I. Gough Eschrich"'^ M. Gouighril^5^ D. Goujdami'^5^ M.P Goulette'^^ A.G. Goussiou'^^ C. Goy^, I. Grabowska-Bold'^^'«, 

V. Grabski'™, R Grafstrom^'', C. Grah'^"*, K-J. Grahn'*^ F. Grancagnolo^2^ S. Grancagnolo'^ V. Grassi''^^ V. Gratchev'^', 

N. Grau^^, H.M. Gray^^ J.A. Gray'^^ E. Graziani'^^a^ q q Grebenyuk'^i, D. Greenfield '29, T. Greenshaw^^ 

Z.D. Greenwood^^™, K. Gregersen^^ I.M. Gregor"*', R Grenier''*^ J. Griffiths'^^ N. Grigalashvili^^ A.A. Grillo'^^ 

S. Grinstein", Y.V. Grishkevich''^ J.-F. Grivaz"^ J. Grognuz^^, M. Groh^'', E. Gross'^', J. Grosse-Knetter^'*, J. Groth-Jensen'^', 

K. Grybel''*', V.J. Guarino^ D. Guestl^^ C. Guicheney3\ A. Guida^2a.72b^ j GuiUemin^, S. Guindon^^, H. Guler**^.", 

J. Gunther'2^ B. Guo'5^ J. Guo^'*, A. Gupta^", Y. Gusakovf'^ V.N. Gushchin'^**, A. Gutierrez''^ P Gutierrez"', N. Guttman'^a^ 

O. Gutzwiller'^^ C. Guyot'3^ C. Gwenlan"^ C.B. Gwilliam^^ A. Haas'^^, S. Haas^^, C. Haber'^, R. Hackenburg^^, 

H.K. Hadavand3^ D.R. Hadley'\ P Haefner'^'\ F. Hahn-\ S. Haider^^ Z. Hajduk3^ H. Hakobyan'™, J. Haller5^ K. Hamacher"'', 

P Hamal"\ A. Hamilton'"', S. Hamilton"'', H. Han^^^ L. Han^^'', K. Hanagaki"^ M. Hance'^", C. Handel**', P Hanke5'^% 

J.R. Hansen3^ J.B. Hansen^^ J.D. Hansen3^ PH. Hansen3^ P Hansson"•^ K. Hara'*"", G.A. Hare'^^ T. Harenberg'^"*, 

S. Harkusha^", D. Harper'*^ R.D. Harrington^', O.M. Harris'^^ K. Harrison'^ J. Hartert''^ F Hartjes'"^ T. Haruyama''^ 

A. Harvey56, S. Hasegawa'^', Y. Hasegawa"'", S. Hassani'3^ M. Hatch^'', D. Hauff"\ S. Haug"', M. Hauschild^'', R. Hauser**^ 

M. Havranek^", B.M. Hawes"^ CM. Hawkes'\ R.J. Hawkings^'', D. Hawkins"'^ T. Hayakawa*'^ D Hayden^^ H.S. Hayward^^ 

S.J. Haywood'^"*, E. Hazen^', M. He^^d^ g j Head'^ V. Hedberg™, L. Heelan^ S. Heim**\ B. Heinemann'^, S. Heisterkamp^^, 

L. Helary4, M. Heller"^, S. Hellman D. Hellmich^", C. Helsens", R.C.W. Henderson^', M. Henke58% A. Henrichs^^, 

A.M. Henriques Correia^'', S. Henrot-Versille"^, F. Henry-Couannier^^, C. Hensel^^, T. Henfi'^^, CM. Hernandez^, Y. Hernandez 

Jimenez'^^, R. Herrberg'^, A.D. Hershenhorn'^^, G. Herten"*^, R. Hertenberger*"*, L. Hervas^'', G.G. Hesketh'''', N.R Hessey"'^ 

A. Hidvegi'''''% E. Higon-Rodriguez'^^, D. HiU^ *, J.C HiU^^, N. HiU^, K.H. HiUer^', S. HiUert^o, S.J. HilUer'^ I. HinchUffe'^, 

E. Hines'20, M. Hirose'"^, R Hirsch^^, D. Hirschbuehl'''^, J. Hobbs''*^ N. Hod'^^ M.C Hodgkinson'^^, R Hodgson^^g^ 

A. Hoecker^'', M.R. Hoeferkamp"'^ J. Hoffman^'', D. Hoffmann^^ M. Hohlfeld'^', M. Holder''", S.O. Holmgren"'^^ T. Holy'^?, 

J.L. Holzbauer'^^ Y. Homma''^ T.M. Hong'^o, L. Hooft van Huysduynen'*^^ T. Horazdovsky'^^, C. Horn"'^ S. Horner''^ 

K. Horton"^ J-Y. Hostachy5^ S. Hou'^', M.A. Houlden''^ A. Hoummada'^5^ J. Howarth^^ D.F Howell"^ I. Hristova '^ 

J. Hrivnac"^, I. Hruska'^s, T. Hryn'ova", RJ. Hsu'", S.-C. Hsu'", G.S. Huang'", Z. Hubacek'^^, F Hubaut^^ F Huegging^", 

T.B. Huffman"^ E.W. Hughes^", G. Hughes^', R.E. Hughes-Jones^^, M. Huhtinen^'', R Hurst", M. Hurwitz'", U. Husemann"', 

N. Huseynov^^'", J. Huston^^ J. Huth", G. lacobucci"', G. lakovidis', M. Ibbotson^^ j ibragimov"', R. Ichimiya*^, 

L. Iconomidou-Fayard"^ J. Idarraga"^ M. Idzik^'', R lengo'^^^ '^^b, O. Igonkina"'^ Y. Ikegami^^, M. Ikeno^*", Y. Ilchenko^'', 

D. lUadis'^", D. Imbault™, M. Imhaeuser'"'", M. Imori'^^, T. Ince^o, J. Inigo-Golfin^^, R loannou^ M. Iodice'3''^ G. lonescu", 

A. Tries Quiles'^'^, K. Ishii^^, A. Ishikawa^'^, M. Ishino^^ R. Ishmukhametov^', C. Issever"^, S. Istinl^^ A.V. Ivashin'^s, 

W. Iwanski3^ H. Iwasaki^^ J.M. Izen^^, V. Izzo'^^^ B. Jackson'^o, J.N. Jackson''^, R Jackson"'^ M.R. JaekeP, V. Jain^', 

K. Jakobs''^ S. Jakobsen^^, J. Jakubek'^^, D.K. Jana'", E. Jankowski'^^ E. Jansen^'', A. Jantsch''^ M. Janus^o, G. Jarlskog™, 

L. Jeanty", K. Jelen^^ I. Jen-La Plante^", R Jenni^^ A. Jeremie", R Jez^^, S. Jezequel", M.K. Jha'''% H. Ji'^^ W. Ji^', J. Jia"'^ 

Y. Jiang^^b, M. Jimenez Belenguer"', G. Jin^^'', S. Jin^^^, O. Jinnouchi'", M.D. Joergensen^^ D. Joffe^'', L.G. Johansen'^, 

M. Johansen"'^^'"'*, K.E. Johansson"'''^ R Johansson'^^, S. Johnerf*', K.A. Johns^ K. Jon-And'"^^ '"*, G. Jones^^ 

R.W.L. Jones''!, T.W. Jones'^'', T.J. Jones'^^^ O. Jonsson^^ C. Joram^^ RM. Jorge'^"" '', J. Joseph'", T. Jovin'^'', X. Ju'^", 

V. Juranek'", P Jussel*'^, A. Juste Rozas", VV Kabachenko'^^, S. Kabana"", M. Kaci'^^, A. Kaczmarska^^ P. Kadlecik^^, 

M. Kado"5, H. Kagan'^^, M. Kagan^^, S. Kaiser''^ E. Kajomovitz'", S. Kalinin'^", L.V Kalinovskaya^^ S. Kama^^ 

N. Kanaya'55, M. Kaneda^', T. Kanno^", V.A. Kantserov'^ J. Kanzaki^^, B. Kaplan'''^, A. Kapliy^", J. Kaplon^^, D. Kar''^ 

M. Karagoz"^ M. Karnevskiy"' , K. Karr^ V. Kartvelishvih^', A.N. Karyukhin'2^ L. Kashif'''^, A. Kasmi^^ R.D. Kass"'^ 

A. Kastanas'^ M. Kataoka", Y. Kataoka'^^ E. Katsoufis^, J. Katzy"', V. Kaushik'', K. Kawagoe^^ T. Kawamoto'^^ 

G. Kawamura^i, M.S. Kayl'^^, V.A. Kazanini"^, M.Y. Kazarinov^^ J.R. Keates^^ R. Keeler'^', R. Kehoe^^, M. Keil^", 

G.D. Kekelidze^^ M. Kelly**^, J. Kennedy''^ C.J. Kenney'"^ M. Kenyon^^, O. Kepka'^^, N. Kerschen^'', B.P Kersevan^", 

S. Kersten'^", K. Kessoku'^^ C. Ketterer''^ J. Keungl5^ M. Khakzad^^ F Khahl-zada"*, H. Khandanyan'^^ A. Khanov"2, 

D. Kharchenko^^ A. Khodinov'^, A.G. Kholodenko^^s, A. Khomich5^^ T.J. Khoo^'', G. KhoriauU^", A. Khoroshilov'^", 

N. Khovanskiy*'^, V. Khovanskiy''^ E. Khramov^^ J. Khubua^', H. Kim\ M.S. Kim^, PC. Kim"'^ S.H. Kim"^", N. Kimura'™, 

O. Kind'^ B.T. King^^^ M. King^^ R.S.B. King"^ J. Kirk'^^, L.E. Kirsctf^, A.E. Kiryunin^^ T. Kishimoto^^ D. Kisielewska^^ 
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T. Kittelmanni23, A.M. Kiver'^^, E. Kladivai44b, j. Klaiber-Lodewigs'*2, M. Klein^^ U. Klein^^^ K. Kleinknecht**!, M. Klemetti'^^ 
A. Klier"\ A. Klimentov^^, R. Klingenberg^^, E.B. KUnkby3^ T. Klioutchnikova^^ P.F. Kloki'^, S. Klousl''^ E.-E. Kluge5^^ 
T. Kluge^3^ P. Kluit'O^, S. Kluth^^ N.S. Knecht'^s, £. Kneringer^^ J. Knobloch^'', E.B.F.G. Knoops^^ A. Knue^^^ g r j^q44^ 
T. Kobayashi'55, M. Kobel^^, M. Kocian''^^ A. Kocnar'", P. Kodys'^e^ ^ Koneke^'', A.C. Konig'O'*, s. Koenig*^', L. Kopke*^', 
R Koetsveld'"'', R Koevesarki^o, T. Koffas^^, E. KofFemanio^ F. Kohn^^, Z. Kohout'^^ T. Kohriki6^ T. Koil*^ T. Kokott^", 

G. M. Kolachev'"'', H. Kolanoski'^, V. Kolesnikov^^ I. Koletsou^'^^ J. Koll^^ D. Kollar^'', M. Kollefrath^^, S.D. Kolya^^ 
A.A. Komar''\ Y. Komori'^^ T. Kondo*'^ T. Kono'*'-'', A.I. Kononov'*^ R. Konoplich^"*^-?, N. Konstantinidis", A. Kootz^'''', 
S. Kopemy37, S.V. Kopikoyi^s, K. Korcyl3^ K. Kordasi^'^, V. Koreshevl^^ A. Kom"^ A. Koroli"'', I. Korolkoyii, 

E.V. Korolkova'^'*, V.A. Korotkov'^s, Q. Kortner'^^ S. Kortner'*^ V.V. Kostyukhin^", M.J. Kotamaki^'*, S. Kotov'*'', V.M. Kotov^^ 
A. Kotwal**, C. Kourkoumelis^ V. Kouskoura'^'*, A. Koutsman'"^ R. Kowalewski"''', T.Z. Kowalski", W. Kozanecki'^^ 
A.S. Kozhini28, V. Kral'^^ V.A. Kramarenko^^ G. Kramberger'^'', M.W. Krasny''^ A. Krasznahorkay'°^ J. Kraus^^, A. Kreisell^^ 
F Krejcii2\ j. Kretzschmar^^ N. Krieger^^^ P Krieger'^^, K. Kroeninger^'*, H. Kroha^^ J. Kroll'^o, J. Kroseberg^", J. K^stic'2^ 
U. Kruchonak''^ H. Kruger^", T. Krukerl^ Z.V. Krumshteyn*'^ A. Kmth^", T. Kubota'^^ S. Kuehn^^, A. Kugel5'*^ T. Kuhl^', 
D. Kuhn'^^ V. Kukhtin'^^ Y. Kulchitsky'"', S. Kuleshov^"', C. Kummer''^ M. Kuna^^ N. Kundu"^ J. Kunkle'^o, A. Kupco'^s, 

H. Kurashige'*^ M. Kurata'^", YA. Kurochkin'"', V. Kus'^s, w. Kuykendalll3^ M. Kuze'^^, R Kuzhir''', J. Kvita^^ R. Kwee'^, 
A. La Rosa'^2^ ^ La Rotonda^''^'^*''', L. Labarga*^" J. Labbe^, S. Lablak'^^^% C. Lacasta'", F. Lacava'^^^-'^^'', H. Lacker'^ 

D. Lacour''^ V.R. Lacuesta'^^ E. Ladygin^'^ R. Lafaye^, B. Laforge^^ T. Lagouri^", S. Lai'*^ E. Laisne^^ M. Lamanna^^, 
C.L. Lampen*', W. Lampl^, E. Lancon'^^ U. Landgraf***, M.PJ. Landon^^ H. Landsman'^^^ j ^ Lane**^, C. Lange^', 

A.J. Lankford"'^ R Lanni^"*, K. Lantzsch^^, S. Laplace^^ C. Lapoire^", J.R Laporte'^^ T. Lari**^^ A.V. Larionov '^8, A. Larner'"^, 
C. Lasseur^'', M. Lassnig^^^ P. Laurelli"*^, A. Lavorato"**, W. Lavrijsen''*, P. Laycock^^, A.B. Lazarev''^^, O. Le Dortz^**, 

E. Le Guimec**\ C. Le Manerl5^ E. Le Menedeu'3^ C. Lebel''^ T. LeCompte^ R Ledroit-Guillon5^ H. Lee"'^ J.S.H. Lee'^", 
S.C. Lee'^', L. Lee'", M. Lefebvre"''', M. Legendre'^'', A. Leger''^ B.C. LeGeyt'^", R Legger^^ C. Leggett'^, M. Lehmacher^o, 

G. Lehmann Miotto''^, X. Lei^, M.A.L. Leite^^'^, R. Leitner'''', D. Lellouch'^', M. Leltchouk""*, B. Lemmer^'', V. Lendermann^'^^ 
K.J.C. Leneyi45b^ t. Lenz'^^ G. Lenzen'^^^ g Lenzi^^, K. Leonhardt^^, S. Leontsinis^ C. Leroy''^, J-R. Lessard"''\ J. Lesser'^^^ 

C. G. Lester^^, A. Leung Fook Cheong'^^, J. Leveque"*, D. Levin**^, L.J. Levinson'^', M.S. Levitski'^**, M. Lewandowska^', 

A. Lewis"^ G.H. Lewis "'^ A.M. Leyko^", M. Leyton'^ B. Li**^, H. Li'^^ S. Li^^b.j^ ^^87^ 2. Liang^'', Z. Liang"'^■^ H. Uao^\ 

B. Libertii33% P Lichard^'', M. Lichtnecker^^ K. Lie'*'^ W. Liebig'^ R. Lifshitz'^^ J.N. Lilley'\ C. Limbach^o, A. Limosani^^ 
M. Limper''^ S.C. Lin'^'-", R Linde'"^ J.T. Linnemann**^ E. Lipeles'^", L. Lipinsky'^^ A. Lipniacka'^ T.M. Liss'^^ 

D. Lissauer24, A. Lister^'', A.M. Litke'", C. Liu^**, D. Liu'^L', H. Liu'^^ J.B. Liu^^ M. Liu^^b^ g Lj^a^ y. Liu^^b^ jyj Livaii"9'''"9b^ 
S.S.A. Livermore"^ A. Lleres^^ J. Llorente Merino'^'^, S.L. Lloyd^^ E. Lobodzinska'^\ P Loch^, W.S. Lockman'^^, 

T. Loddenkoetter^o, R.K. Loebinger^^^ ^ Loginov"^ C.W. Loh'^^ T. Lohse'^, K. Lohwasser'*^ M. Lokajicek'^^ J. Loken "^ 
V.P Lombardo^, R.E. Long^', L. Lopes'^^^.A^ d. Lopez Mateos", M. Losada"'^ P LoscutofF"*, R Lo Sterzo'^^''-'^^'', 
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